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3-Phosphoinositides Modulate Cyclic
Nucleotide Signaling in Olfactory
Receptor Neurons
hormones, neurotransmitters, growth factors, and cyto-
kines acting through both tyrosine kinases and G pro-
tein-coupled receptors, depending on the particular iso-
form (Tang and Downes, 1997). G protein-activated PI3K
(p 110 ) appears to be a distinct form of the enzyme.
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excite lobster olfactory receptor neurons (ORNs) through
the canonical phosphoinositide turnover pathway (Fa-
dool and Ache, 1992; Munger et al., 2000). Recent evi-Summary
dence that antagonists of PI3K reduce the magnitude
of the receptor potential, and that PIP3 modulates aPhosphatidylinositol 3-kinase (PI3K)-dependent phos-
phoinositide signaling has been implicated in diverse transduction-associated ion channel (Zhainazarov et al.,
2001), suggests that 3-phosphoinositides may also playcellular systems coupled to receptors for many differ-
ent ligands, but the extent to which it functions in a role in phosphoinositide signaling in lobster ORNs.
In contrast to lobster ORNs, odorants excite ORNs insensory transduction is yet to be determined. We now
report that blocking PI3K activity increases odorant- vertebrates through cyclic nucleotide signaling. The
involvement of phosphoinositide signaling in vertebrateevoked, cyclic nucleotide-dependent elevation of [Ca2]i
in acutely dissociated rat olfactory receptor neurons ORNs is unclear (Ache and Zhainazarov, 1995; Morales
and Bacigalupo, 2000; Schild and Restrepo, 1998), if notand does so in an odorant-specific manner. These
findings imply that 3-phosphoinositide signaling acts controversial (Brunet et al., 1996; Belluscio et al., 1998;
Gold, 1999). The possibility that 3-phosphoinositidesin vertebrate olfactory transduction to inhibit cyclic
nucleotide-dependent excitation of the cells and that play a role in phosphoinositide signaling in lobster ORNs
suggests an approach through which to explore thethe interaction of the two signaling pathways is impor-
tant in odorant coding, indicating that 3-phosphoinosi- possible involvement of phosphoinositide signaling in
vertebrates ORNs. Here, we implicate 3-phosphoino-tide signaling can play a role in sensory transduction.
sitide signaling in olfactory transduction in rat ORNs.
Our findings suggest that 3-phosphoinositide signalingIntroduction
modulates cyclic nucleotide-dependent signaling in
these cells and that the interaction of the two signalingPhosphoinositides are integral membrane constituents
in eukaryotic cells that also function in transmembrane pathways functions in odorant coding, indicating that
3-phosphoinositide signaling can play a role in sensorysignaling. The discovery of 3-phosphoinositides and
their synthesis by a family of phosphoinositide 3-OH transduction.
kinases (PI3Ks) has fostered important new insight into
cell signal transduction (Zhang and Majerus, 1998; Toker Results
and Cantley, 1997; Fruman et al., 1998). In higher ani-
mals, there is a relatively large constitutive pool of phos- Blocking PI3K Enhances the Response of Rat
phatidylinositol 3-phosphate [PI(3)P] present in resting ORNs to a Complex Odorant
cells, in contrast to endogenously low levels of phospha- The complex odorant (Henkel 100 [1:1000; see Experi-
tidylinositol 3,4-bisphosphate [PI(3,4)P2] and phosphati- mental Procedures] increased [Ca2]i in 257 (10%) of
dylinositol 3,4,5-trisphosphate [PI(3,4,5)P3, PIP3] that are a sample population of 2584 acutely dissociated rat
transiently and rapidly elevated in response to external ORNs. Preincubating the cells with the specific inhibitor
stimuli and are thought to have signaling function (Ka- of PI3K, LY294002 (10 M; Vlahos et al., 1994), signifi-
peller and Cantley, 1994). The latter 3-phosphoinositides cantly enhanced the increase in [Ca2]i evoked by Henkel
are generated by a large family of heterodimeric PI3Ks, 100 (1:1000) in 20 of 123 (16.3%) ORNs that responded
consisting of a 110 kDa catalytic subunit and an associ- to the odorant in the absence of the drug (Figure 1A).
ated 50–100 kDa noncatalytic, regulatory subunit that The average odorant-evoked increase in [Ca2]i follow-
exhibits a preference for phosphorylating phosphatidyl- ing pretreatment with LY294002 was 1.85 0.30 (SEM)
inositol 4,5-bisphosphate [PI(4,5)P2] as a substrate times that evoked by the odorant alone. Interestingly,
within cells (Hawkins et al., 1992). Collectively, PI3Ks 47 other ORNs in the sample population (that produced
can be activated by a wide array of ligands such as the 123 ORNs) responded to the odorant only following
pretreatment with LY294002 (Figure 1B). None of the
ORNs responded to the drug in the absence of the odor,3 Correspondence: bwa@whitney.ufl.edu
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Another inhibitor of PI3K, Wortmannin (100 nM; Wy-
mann et al., 1996) mimicked the effect of LY294002 (Fig-
ure 1C) and could do so in the same cell as LY294002
(data not shown). 100 nM Wortmannin significantly en-
hanced the increase in [Ca2]i evoked by Henkel 100
(1:1000) in two of nine (22%) ORNs that responded to
the odorant in the absence of the drug. The average
odorant-evoked increase in [Ca2]i following pretreat-
ment with Wortmannin was 1.94  0.37 times that
evoked by the odorant alone. As with LY294002, other
ORNs (n 21) in the same sample population containing
the nine ORNs also responded to the odorant, but only
following pretreatment with Wortmannin (data not shown).
Collectively, these findings suggest that one or more
odorant-stimulated 3-phosphoinositides inhibit the odo-
rant-evoked increase in [Ca2]i in these neurons.
PIP3 Rescues the Effect of Blocking PI3K
If odorant-stimulated 3-phosphoinositides inhibit the re-
sponse of the cells, PIP3, the primary product of PI3K
activity in vivo, should be able to rescue the effect of
blocking PI3K. Incubating the cells for 10 min with the
membrane permeant ester of PIP3, PIP3-AM (200 M;
Jiang et al., 1998), fully rescued the effect of LY294002
(10 M) on the response to Henkel 100 (1:1000) in 16 of
18 ORNs and partially rescued it in the remaining two
cells (Figure 2A). Incubation in PIP3-AM appeared to
evoke a small, sustained, but reversible increase in
[Ca2]i in some cells. The reason for this requires further
experimentation. The ability of K to activate the cells
following 10 min incubation with PIP3-AM (Figure 2C)
indicates that the results do not reflect experimentally
induced loss of viability and implies that LY294002 in-
deed targeted PI3K.
PIP3 Inhibits Odorant Stimulation
If odorant-stimulated 3-phosphoinositides inhibit the
odorant-evoked increase in [Ca2]i, PIP3 should inhibit
the response to the odorant itself. Incubating the cells
Figure 1. Blocking PI3K Enhances the Increase in [Ca2]i Evoked in PIP3-AM eliminated the response of 12 cells to Henkel
by a Complex Odorant in Acutely Dissociated Rat ORNs 100 (1:1000) and significantly reduced the response of
(A) Response of one ORN to repetitive application of Henkel 100 six other cells to 0.33  0.03 of that initially evoked by
(1:1000, 5 s; see Experimental Procedures). 10 s prior to and during
Henkel 100, overall inhibiting 78.3% of 23 ORNs (Figurethe third application of the odorant, the cell was incubated in 10
2B). PIP3 had no discernable effect in the remaining fiveM LY294002 to inhibit PI3K. Note the drug increases the response
cells, possibly reflecting limited permeability and/or de-to the odorant.
(B) Response of another ORN to the same paradigm. Note the cell esterification of the drug.
only responds to the odorant following drug treatment. Incubating the cells in PIP3-AM also eliminated the
(C) Response of another ORN to the same paradigm, but using 100 response of six cells to the single odorant bourgeonal
nM Wortmannin to inhibit PI3K. Note this drug also increases the
(1:10,000) and significantly reduced the response of sixresponse to the odorant. Ordinate: fluorescence ratio of Fura-2 AM
other cells to 0.40  0.08 of that initially evoked byat 340 and 380 nm. Horizontal bar: 50 s.
bourgeonal, overall inhibiting 80% of 15 ORNs. PIP3 had
no discernable effect on the remaining three cells. The
similar effect of PIP3 on Henkel 100 and bourgeonali.e., during the pretreatment interval, nor were the kinet-
ics of the odorant-evoked increase in [Ca2]i noticeably indicates that PIP3 was not inducing interaction among
the components of the complex odorant mixture. Thealtered following pretreatment with the drug (Figure 1A).
1 M LY294002 also enhanced the increase in [Ca2]i ability of K to activate all 15 cells following incubation
with PIP3-AM (Figure 2C) indicates that the incubationevoked by Henkel 100 (1:1000) (data not shown). The
drug significantly enhanced the response to the odorant did not induce loss of viability. Simply waiting for 10 min
before reapplying bourgeonal without PIP3 incubationin one of ten (10%) ORNs that responded to the odorant
in the absence of the drug. The response was 1.75 times did not significantly affect the response of 8 of 11 other
ORNs, which following PIP3 incubation was 0.95  0.09that evoked by the odorant alone. Nine other ORNs in
the sample population responded to the odorant only times that prior to incubation, suggesting that PIP3 did
not disrupt stimulus-response coupling in the cells. Thefollowing pretreatment with the drug.
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Figure 2. PIP3 Inhibits the Increase in [Ca2]i Evoked by a Complex
Odorant in Rat ORNs
(A) Response of one ORN to repetitive application of Henkel 100 Figure 3. PI3K Acts in Concert with PLC in Rat ORNs
(1:1000, 5 s). 10 s prior to and during the second and third application
(A) Response of one ORN to repetitive application of Henkel 100
of the odorant, the cell was incubated in 10 M LY294002. Following
(1:1000, 5 s). 10 s prior to and during the second application of the
the second application, the cell was also incubated in 200 M PIP3- odorant, the cell was incubated in 10 M LY294002. A 7–8 min wash
AM for 10 min. Note PIP3 “rescues” the effect of the drug, i.e., the followed the second application. 10 s prior to and during the third
response to the odorant is no longer enhanced by LY294002.
application of the odorant, the cell was incubated in 100 M U73122
(B) Response of another ORN to the same odorant. Between the
to inhibit PLC. Note the response to the odorant is increased by
first and second application, the cell was incubated in 200 M PIP3- blocking PI3K, but not by blocking PLC.
AM for 10 min. Note PIP3 inhibits the response to the complex (B) Response of another ORN to the same odorant and the same
odorant.
paradigm, except that 10 s prior to and during the third application
(C) Response of another ORN to bourgeonal under the same proto-
of the odorant, the cell was incubated in 100 M U73122  10 M
col, followed by a final application of 45 mM high K to demonstrate
LY294002. Note in some cells, however, the response to the odorant
viability. Note PIP3 also inhibits the response to a single odorant. is not increased by blocking PI3K but is so by blocking PI3K together
Ordinate: fluorescence ratio of Fura-2 AM at 340 and 380 nm. Hori-
with PLC.
zontal bar: 200 s.
(C) Response of a third ORN to the same paradigm as in (B), only
with the order of presentation reversed and a fourth application of
odorant added to show the cell remained responsive. 10 s prior to
ability of PIP3 to rescue the effect of blocking PI3K and and during the fourth application of the odorant, the cell was incu-
inhibit odorant stimulation supports the contention that bated in 100 M U73122  10 M LY294002. Note the effect is not
odorant-stimulated 3-phosphoinositides inhibit the odor- dependent of the order of presentation.
Ordinate: fluorescence ratio of Fura-2 AM at 340 and 380 nm. Hori-ant-evoked increase in [Ca2]i.
zontal bar: 50 s.
PI3K Acts in Concert with PLC
Since PI3K is known to act in concert with PLC in other
systems, and since elements of the canonical phospho- LY294002 (Figure 3A). The response to the odorant 
LY294002 was 1.97  0.27 times that evoked by theinositide turnover pathway are expressed in rat ORNs
(see Discussion), we tested the extent to which the effect odorant alone, while the response to the odorant  U7
3122 was 1.04  0.31 that evoked by the odorant aloneof blocking PI3K is independent of blocking PLC. The
specific, membrane permeant inhibitor of PLC, U73122 (n 5). However, in at least some ORNs, PLC appeared
to act in concert with PI3K. In 6 of 29 ORNs in which there(100 M; Yule and Williams, 1992), by itself did not en-
hance or otherwise alter the increase in [Ca2]i evoked was no effect of LY294002 (10 M) by itself, U73122
(100M) together with LY294002 enhanced the odorant-by Henkel 100 (1:1000) in cells that showed an effect of
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evoked increase in [Ca2]i (Figure 3B). The response to
the odorant  LY294002 was 0.80  0.15 times that
evoked by the odorant alone, while the response to the
odorant  LY294002  U73122 was 2.41  0.31 that
evoked by the odorant alone. The two drugs together
also elicited a response to the odorant in an additional
ten ORNs that did not respond to the odorant alone,
nor to the odorant LY294002. The effect seen in Figure
3B was independent of the order of presentation of the
two blockers (n 8, Figure 3C). The detailed mechanism
of this interaction remains to be explored.
3-Phosphoinositide Signaling Modulates Cyclic
Nucleotide Signaling
PI3K appears to modulate cyclic nucleotide signaling.
The specific inhibitor of adenylyl cyclase, MDL12330A
(50 M; Guellaen et al., 1977), completely blocked the
increase in [Ca2]i evoked by Henkel 100 (1:1000) (n 
4, Figure 4A). MDL12330A also completely blocked the
odorant-evoked increase in [Ca2]i following pretreat-
ment with LY294002 (10 M) in eight of ten ORNs and
reduced it to 0.62  0.08 of its initial value in the re-
maining two cells (Figure 4B). This finding suggests that
the increment in the response induced by LY294002, like
the response to the odorant itself, is cyclic nucleotide-
dependent. If so, PIP3 should reduce forskolin-evoked
increases in [Ca2]i. As would be expected in these cells,
forskolin (10 M), a potent activator of adenylyl cyclase,
increased [Ca2]i (Figure 4C). PIP3-AM (200 M) com-
pletely blocked the response of 8 of 14 such cells to
subsequent application of forskolin and reduced it to
0.22  0.08 of its initial value in three other of the 14
ORNs (Figure 4C). The remaining three cells responded
to the subsequent application of forskolin with no obvi-
ous decrement in amplitude (data not shown). The ability
Figure 4. 3-Phosphoinositide Signaling Modulates Cyclic Nucleo-of K to activate the cells after 10 min incubation with
tide Signaling in Rat ORNs
PIP3-AM (Figure 2C) indicates that the incubation did
(A) Response of one ORN to repetitive application of Henkel 100
not induce loss of viability. These results further sub- (1:1000, 5 s). Following the second application, the cell was incu-
stantiate that PI3K modulates cyclic nucleotide signal- bated in 50M MDL12330A for 50 s to inhibit adenylate cyclase (AC),
ing and suggest that PIP3 acts downstream of the re- after which the odorant was reapplied. Note blocking AC blocks the
response to the odorant.ceptor.
(B) Response of another ORN to repetitive application of the same
odorant. 10 s prior to and during the second application of theThe Effect of Blocking PI3K Does Not Reflect odorant, the cell was incubated in 10 M LY294002. A 7–8 min wash
Relief from Adaptation followed the second application. The cell was then incubated in 50
ORNs that only responded to the odorant following pre- M MDL12330A for 50 s, after which the odorant was reapplied.
Note blocking AC also blocks the enhanced response to the odoranttreatment with LY294002 potentially could be adapted,
induced by blocking PI3K.and the drug acts to relieve this adaptation. Such cells,
(C) Response of a third ORN to repetitive application of 10 Mhowever, occurred with equal frequency across multiple
forskolin (5 s) to activate adenylyl cyclase. Between the first andtrials in the same experiment, including the initial trial, second application, the cell was incubated in 200 M PIP3-AM for
suggesting that the drug was not enhancing excitation 10 min. Note PIP3 blocks the forskolin-induced response.
by relieving adaptation since the latter group of cells had Ordinate: fluorescence ratio of Fura-2 AM at 340 and 380 nm. Hori-
zontal bar: (A and C) 100 s; (B) 50 s.no prior exposure to the odorant. To test this possibility
more directly, we adapted ORNs to Henkel 100 (1:1000)
for 50 s, after which we tested the effect of LY294002
(10 M). Of 14 ORNs that responded to the odorant, six The Effect of Blocking PI3K Requires Stimulation
by Complex OdorantsORNs responded to the initial application of the odorant
and adapted within the period of stimulation, but none We never observed an effect of LY294002 (10 M) in
ORNs activated by a single odorant, either at 1:1000of these cells subsequently responded to the odorant
following preincubation with LY29004 (Figure 5A). Inter- (bourgeonal, 3-phenylpropionic aldehyde, geraniol, he-
lional, or eugeonol; n  67) or 1:10,000 (bourgeonal orestingly, the remaining eight cells only responded to the
odorant following preincubation with LY29004 (Figure geraniol; n  16) dilutions (data not shown), suggesting
that the effect of blocking PI3K requires more than one5B), suggesting that the cells were in fact protected from
adapting during prolonged exposure to the odorant. odorant. If so, ORNs that fail to show an effect of
3-Phosphoinositide Signaling in Rat ORNs
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Figure 5. The Effect of Blocking PI3K in Rat ORNs Does Not Reflect
Relief from Adaptation
(A) Response of one ORN to a single prolonged (50 s) application
of Henkel 100 (1:1000), after which the cell was incubated in 10 M
LY294002 for 10 s and exposed another, brief (5 s) application of
the same odorant. Note the drug does not relieve adaptation.
(B) Response of another ORN to the same paradigm. Note the drug
effectively prevents the cell from adapting.
Ordinate: fluorescence ratio of Fura-2 AM at 340 and 380 nm. Hori-
zontal bar: 20 s.
Figure 6. The Effect of Blocking PI3K in Rat ORNs Requires Stimula-
tion by a Complex Odorant
(A) Response of one ORN to bourgeonal (1:10,000, 5 s), the sameLY294002 when stimulated by single odorants should
odorant after incubating the cell in 10 M LY294002 for 10 s, Henkel
do so when stimulated by complex odorants that contain 50 (1:1000, 5 s; see Experimental Procedures), Henkel 50 (1:1000)
at least one component capable of activating PI3K in bourgeonal (1:10,000) (5 s), and the same odorant after incubating
the cell in 10 M LY294002 for 10 s. Note the drug selectivelythat cell. Eight ORNs that responded to bourgeonal
increases the response to the complex odorant, not to the singlealone (1:10,000) no longer did so when bourgeonal was
odorant (bougeonal), and that the complex odorant inhibits the re-combined with a 50 component submixture of Henkel
sponse to bourgeonal.100 (Henkel 50, 1:1000) (Figure 6A). In these cells,
(B) Response of another ORN to the same paradigm. Note, as might
LY294002 (10 M) had no effect on the response to be expected, the drug can relieve inhibition in cells not excited by
bourgeonal alone, but rescued the response to bour- bourgeonal, presumably as a result of the cell being excited by
another component(s) in the mixture.geonal in mixture. The response to bourgeonal 
(C) Response of a third ORN to a similar paradigm, except that theLY294002 was 0.94  0.07 of that to bourgeonal alone,
response to bourgeonal is inhibited by a mixture of octanal, lilial,while the response to bourgeonal  Henkel 50 
and isoamyl acetate (1:10,000). Note that the drug selectively in-LY294002 was 2.77  0.69 of that to bourgeonal alone.
creases the response when inhibition is induced by a simple, defined
Fourteen other ORNs that responded to bourgeonal mixture.
alone (1:10,000) also failed to respond to bourgeonal in Ordinate: fluorescence ratio of Fura-2 AM at 340 and 380 nm. Hori-
zontal bar: 200 s.mixture, but neither response was rescued by LY294002
(data not shown). In these cells, the response to
bourgeonal  LY294002 was 0.89  0.05 that to bour-
geonal alone, while there was no detectable response the mixture was not stimulatory by itself, while in the
third cell the response to bourgeonal  Henkel 50 to bourgeonal  Henkel 50  LY294002. These cells
potentially could have been fatigued, or they could re- LY294002 was 2.67 times that to the mixture alone. Col-
lectively, these results suggest that the effect ofquire blockade of both PI3K and PLC to see a pharmaco-
logical effect since as a group these cells were strongly blocking PI3K is dependent on coactivation by more
than one odorant.excited by bourgeonal. As might be expected since
components in the mixture other than bourgeonal poten- To minimize the possibility of any indirect effect of
the drug on the complex odorant mixture, we repeatedtially could stimulate some cells, three ORNs failed to
respond to bourgeonal alone but LY294002 rescued the the previous experiment using only a three-component
mixture. Bourgeonal (1:10,000) increased [Ca2]i in 32response to the mixture (Figure 6B). In two of the cells,
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physiological response of the epithelium to the complex
odorant. As the EOG reflects the integrated response
of many ORNs recorded with an unknown amount of
electrical shunting, the magnitude of the expected effect
of the drug cannot be predicted from the effect of the
drug on individual ORNs. Nonetheless, the direction of
the effect is consistent with that predicted from the
calcium response of the acutely dissociated cells, im-
plying that the phenomenon described based on the
calcium response of acutely dissociated ORNs is physi-
ologically relevant.
Discussion
Several lines of evidence indicate that LY 294002 and
Wortmannin targeted PI3K in the rat ORNs and was
not acting nonspecifically. (1) Both drugs competitivelyFigure 7. Blocking PI3K Enhances the Electrophysiological Re-
sponse of the Rat Olfactory Epithelium to a Complex Odorant inhibit PI3K in other systems at the same effective doses
they enhanced odorant-evoked increases in [Ca2]i inBar graph showing the relative peak amplitude of the electro-olfac-
togram (EOG) recorded from the septal epithelium excised from a the rat ORNs and had the same effect on the rat ORNs
rat, before (left two bars) and after (right two bars) incubating the when tested on the same cell. The latter finding further
epithelium 100 M LY294002 for 2 min. n  10 epithelia from ten argues that the drugs were not acting nonspecifically
different animals. In each pair, one EOG was evoked by Henkel 100,
as odorants since there is only a low probability that bothwhile the companion EOG was evoked by cineole. Both odorants
compounds would be adequate stimuli for the samewere delivered in the vapor phase (see Experimental Procedures).
The peak amplitude of the response to Henkel 100 was normalized odorant receptor, which have restricted molecular re-
to the peak amplitude of the response to cineole within pairs since ceptive ranges (Araneda et al., 2000). (2) Exogenous
the solution change accompanying incubation altered the coupling PIP3, the primary product of PI3K-mediated metabolism
resistance of the electrode. Note the drug selectively increases the in vivo (Kapeller and Cantley, 1994), rescued the effect
response to the complex odorant. Inset: EOG waveform evoked
of LY294002. (3) The effect of LY294002 was restrictedby cineole. The amplitude was determined from the peak of the
to 10%–16% of the cells surveyed. (4) PIP3 could inhibitresponse. Vertical bar: 1 mV. Horizontal bar: 10 s.
activation by a single odorant (bourgeonal).
Since inhibiting PI3K enhanced the odorant-evoked
increase in [Ca2]i rather than decreased it, we concludeof approximately 1000 ORNs screened. Among various
patterns of response observed, four of the cells did not that PI3K activity doesn’t mediate excitation per se, but
rather that PI3K activity mediates a distinct, odorant-respond to bourgeonal in mixture with octanal, lilial, and
isoamyl acetate (1:10,000) (Figure 6C). In all four cells, evoked inhibitory process. Our experiments do not allow
us to resolve whether the drugs block constitutive orLY294002 (10 M) had no effect on the response
to bourgeonal alone; the response to bourgeonal  induced activity of the enzyme. The lack of any drug
effect in the absence of an odorant suggests that theLY294002 was 1.07  0.20 of that to bourgeonal alone.
However, in all four cells, LY294002 rescued the re- drugs block induced activity, but we cannot exclude
that PIP3 targets an effector that does not change [Ca2]isponse to bourgeonal in mixture, which was 0.98 0.36
of that of bourgeonal alone. The ability of LY294002 to directly (Sanhueza et al., 2000) and thus would prevent
us from measuring a change in constitutive activity withrescue inhibition induced by as few as three defined
odorants implies that the effect of blocking PI3K is de- our experimental paradigm. The inhibitory process was
independent of adaptation since LY294002 failed topendent on coactivation of the cell by specific odorants,
and not the result of any indirect effect of the drug on relieve the response of the ORNs following prolonged
adaptation to the odorant. The inhibitory process hasthe complex odorant mixture per se.
features in common with “suppression” observed elec-
trophysiologically in newt ORNs (Kurahashi et al., 1994)The Effect of Blocking PI3K Is Reflected
in the Electro-Olfactogram in having one odorant suppress the response of another,
but we never saw an effect of blocking PI3K using singleThe calcium response of the acutely dissociated cells
would predict that LY294002 should selectively enhance odorants. Thus, it would be difficult to explain the “self
suppression” observed by these authors in the contextthe electrophysiological response of the cells to a com-
plex odorant relative to the response to a single odorant of the present findings.
The necessity to block both PLC and PI3K to observe(which should be unaffected). Prior to incubating the
intact epithelium in LY294002 (100 M), the mean peak an enhanced increase in odorant evoked [Ca2]i in some
ORNs suggests that both arms of the phosphoinositideamplitude of the electro-olfactogram (EOG) evoked by
Henkel 100 (see Experimental Procedures) was 0.94  signaling pathway act in concert, as occurs, for instance,
in phosphoinositide-mediated NT3-induced synaptic0.08 times that evoked by cineole (n  10, Figure 7).
After incubating the same epithelia in the drug for 2 min, potentiation at neuromuscular synapses (Yang et al.,
2001). It is not clear whether this concerted action oc-the mean peak amplitude of the EOG evoked by Henkel
100 was 1.55  0.15 times that evoked by cineole, indi- curs in a specific subset of cells, or whether it occurs
in all ORNs and the odorant evokes a different level ofcating that LY294002 selectively enhanced the electro-
3-Phosphoinositide Signaling in Rat ORNs
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inhibition in each cell. In the latter case, blocking PI3K odorant than the one that excites the cell. One alterna-
presumably would be sufficient to overcome moderate tive is that the two odorants selectively trigger separate
levels of inhibition, while both enzymes would have to transduction cascades by coupling the activation of a
be blocked to overcome stronger levels of inhibition. single type of odorant receptor to the activation of differ-
Further experiments will be required to resolve this ent G protein subunits. This model is consistent with
question. Nonetheless, the concerted action of PLC and evidence that G protein-regulated Class Ib PI3Ks typi-
PI3K in mediating odorant-evoked inhibition is consis- cally are regulated via the  subunits of G proteins,
tent with evidence that rat ORNs express PLC (Noe´ while Golf is required for normal olfactory transduction
and Breer, 1998) and other elements of the canonical (Belluscio et al., 1998). Evidence that mammalian ORNs
phosphoinositide turnover pathway (Cunningham et al., normally express only a single receptor gene (e.g., Mal-
1993; Okada et al., 1994; Lischka et al., 1999). nic et al., 1999; Serizawa et al., 2000) also supports this
The ability of MDL 12330A to block both odorant and alternative. It would remain to be explained, however,
drug-enhanced increases in [Ca2]i argues that the in- how the binding of two different odorants selectively
crease in [Ca2]i was coupled to activation of adenylyl activates different signaling cascades via a single
cyclase and that 3-phosphoinositides effectively modu- GPCR. A second possibility is that some, although not
late cyclic nucleotide signaling. The ability of exogenous necessarily all, mammalian ORNs express two odorant
PIP3 to block forskolin-induced increases in [Ca2]i fur- receptors. The second receptor would not necessarily
ther supports this interpretation and indicates that have to be a member of the known superfamily of odor-
3-phosphoinositides act downstream of the receptor. ant receptors, or even a GPCR (e.g., Fulle et al., 1995).
These results do not address whether 3-phosphoinosi- Reports that cDNAs encoding two distinct odorant re-
tides modulate the cyclic nucleotide cascade per se (for ceptors can be amplified from single rat ORNs (Rawson
example, by inhibiting the CNG channel) or act indirectly et al., 2000) and that odorants activate both Gs and
(for example, by activating K channels that have been Go G proteins in an enriched rat olfactory cilia mem-
linked to odor-evoked inhibition in both toad and rat brane preparation (Schandar et al., 1998) lend support to
ORNs) (Sanhueza et al., 2000). Since cyclic nucleotide this interpretation. Recent gene-targeting studies have
and phosphoinositide signaling are functionally antago- shown that the expression pattern of endogenous odor-
nistic in rat olfactory ciliary membranes (Vogl et al., ant receptors is retained when the I7 odorant receptor
2000), the interaction could be in part biochemical. Re- is ubiquitously expressed in all rat ORNs (Zhao and
gardless of the downstream target(s), finding that Reed, 2001), suggesting that mammalian ORNs are
3-phosphoinositides effectively modulate cyclic nucleo- competent to express multiple odorant receptor genes.
tide signaling is consistent with emerging evidence that Our current experiments cannot differentiate between
cyclic nucleotide signaling drives the final common out- these alternatives, so resolution of this important issue
put of mammalian ORNs. Mice deficient in the olfactory awaits further experimentation.
CNG channel (Brunet et al., 1996) and Golf (Belluscio In summary, our findings collectively imply that 3-phos-
et al., 1998) are largely anosmic, and odor-evoked field phoinositides, most likely in concert with the canonical
potentials in mouse olfactory epithelium can be blocked phosphoinositide turnover pathway, inhibit the cyclic
by antagonists of adenylate cyclase (Chen et al., 2000). nucleotide mediated increase in [Ca2]i that results in
Functionally, we conclude that cells showing the phar- activation of rat ORNs by odorants and that the two
macological effect are inhibited by one or more odorants signaling pathways can be activated by different odor-
and that blocking PI3K relieves some or all of this inhibi- ants in the same cell. The detailed mechanism(s) by
tion and thereby enhances the net response of the cell which 3-phosphoinositides modulate the response of
to one or more excitatory odorants. This interpretation the cells to odorant mixtures awaits further research.
is consistent with our finding that PIP3 inhibits the re- Having opponent inputs with different odorant-specific-
sponse to single excitatory odorants and that blocking ity or “tuning” would allow rat ORNs, like their counter-
PI3K in the intact olfactory epithelium selectively en- parts in other species (e.g., Ache and Zhainazarov,
hances the EOG evoked by mixtures over that evoked 1995), to serve as integrating units and enhance the
by single odorants. This interpretation is also consistent diversity of the patterned input by which odorants are
with evidence that single odorants can inhibit individual recognized in this combinatorial coding system (e.g.,
rat ORNs monitored electrophysiologically in vivo with Malnic et al., 1999).
minimum invasiveness and do so in cells excited by
other single odorants (Duchamp-Viret et al., 1999). The Experimental Procedures
lower incidence of inhibition using single odorants in
Animals and Preparationsthe cited electrophysiological study (5%) compared
Wistar rats (P10–P30) were obtained from Charles River (Sulzfeld,to that we report using a complex odorant (10%–16%)
FRG) and sacrificed by decapitation following C02 anesthesia. Theis consistent with the difference in odorant complex- septal bone with the intact olfactory epithelium was dissected from
ity. If indeed inhibition primarily serves to modulate the head and either used intact for EOG recording, or the epithelium
concomitant excitation, increasing odorant complexity was dissected from the septal bone and placed in divalent cation-
free papain solution (see Solutions) to obtain acutely dissociatedwould be expected to increase the probability of con-
ORNs for calcium imaging. For the latter purpose, the olfactorycomitant excitation.
epithelium was incubated in the enzyme solution for 20 min at roomOur findings raise the fundamental question of whether
temperature and transferred to mammalian Ringer’s solution (see3-phosphoinositide signaling is driven by the same G
Solutions) for gentle trituration with fire polished Pasteur pipettes.
protein-coupled receptor (GPCR) that activates cyclic Dissociated cells were subsequently filtered through a 70 m nylon
nucleotide signaling in these cells since 3-phosphoinosi- cell strainer (Becton Dickinson) into fresh Ringer’s solution in Conca-
valin A coated 35 mm Petri dishes and allowed to settle and attach.tide signaling appears to be triggered by a different
Neuron
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Calcium Imaging nals were recorded on a chart recorder and their peak amplitude
was measured by hand. Changes in preparation resistance inducedThe Ringer’s was carefully drawn off the attached cells and replaced
with the Ca2-sensitive dye FURA-2 AM (3 M) in Ringer’s and by the need to incubate the epithelium during an experiment re-
quired that we use an internal control for signal magnitude. For that,allowed to load for 45 min at room temperature before being washed
with FURA-free Ringer’s for another 15 min. The dish containing the we used the response to a single component odorant (see Results).
We measured the peak amplitude of the EOG evoked by Henkelcells was transferred to the stage of a Zeiss inverted microscope
equipped for ratiometric imaging (Tillvision) and viewed with 32 100 relative to that evoked by cineole, before and after bathing the
epithelium in LY294002 for 2 min. All responses were determinedmagnification. All the cells in a field of view were illuminated every
second for 70 ms at 340 nm and 70 ms at 380 nm. The average pixel to be submaximal and not limited by saturation. The magnitude of
the posttreatment ratio was expressed as a function of the magni-intensity within each of 15 to 35 regions of interest, corresponding to
15 to 35 individual cells, was digitized and stored on a PC. Many tude of the pretreatment ratio, such that values 	1 represent treat-
ment-induced increases in the magnitude of the EOG evoked bycells in each dish could be distinguished as ORNs by their attached
dendrite ending in a dendritic knob bearing cilia. In practice, how- the complex odorant.
ever, we also included cells of the same size that lacked an obvious
dendrite given that, on average, 85% of the cells in a dish were Solutions and Odorants
immunopositive for neuron-specific tubulin (Vargas and Lucero, Mammalian Ringer’s consisted of (mM): 138 NaCl, 5 KCl, 2 CaCl2,
1999) and that a similarly high percentage were depolarized by high 2 MgCl2, 10 HEPES, 10 glucose (pH 7.4). Divalent cation-free papain
potassium and therefore had a high statistical probability of being solution consisted of (mM): 140 NaCl, 10 HEPES, 10 glucose, plus
an ORN (our unpublished data). Cells that were clearly overloaded 10 g/ml papain (EC 3.4.22.2 from papaya latex) (pH 7.4). Odorants
with dye were not included in the analysis. The Ca2-dependent were an equal-volume mixture of 100 pure substances (Henkel 100;
fluorescence signal was expressed as the F340/F380 ratio and Wetzel et al., 1999) diluted in mammalian Ringer’s to the reported
viewed as a function of time. (working) concentration, a 50-component submixture of Henkel 100
(Henkel 50), a single component of Henkel 100, or a single compo-
nent not contained in Henkel 50  Henkel 50. To obtain a workingOdorant Stimulation
concentration of 1:1000, for instance, 1 l of the pure substance,In the calcium imaging experiments, the ORNs were exposed to
or 1 l of the mixture, was diluted in 1 ml of mammalian Ringer’s.odorants and/or drugs using a specialized application system that
Given a neat concentration of a typical substance, e.g., bourgeonalcould transiently superfuse all the cells in the field of view from one
(190 gmw), of about 5M, the applied concentration of bourgeonalof six user-selected capillary tubes. Switching time between test
by itself diluted 1:1000 would be about 5 mM. The applied concentra-solutions essentially was instantaneous, as was the delay to onset
tion of bourgeonal as part of Henkel 100 diluted 1:1000 would beafter switching due to the close proximity of the tube tips to the
about 50 M. All solutions, including odorants, were prepared freshoptical field. A stream of mammalian Ringer’s solution continuously
on the day of use in mammalian Ringer’s, the buffering capacity ofsuperfused all the cells in the dish between application of test solu-
which was sufficient to maintain pH 7.4. All solutions were deliveredtions to minimize any potential background accumulation of test
at room temperature. The odorants were a generous gift of Dr. T.solutions. The basic experimental paradigm was to expose the cells
Gerke, Henkel KGaA, Dusseldorf, FRG. PIP3-AM was kindly providedin a randomly selected field of view to the odorant for 5 s at 200 s
by Dr. Roger Tsien. Papain, LY294002, Wortmannin, U73122,intervals four times, pretreating the cells with a given concentration
MDL12330A, and forskolin were purchased from Sigma.of a membrane permeant drug 10 s prior to the onset of the third
application of odorant, and subsequently comparing the amplitudes
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